Little information is available regarding the molecular epidemiology of Staphylococcus aureusinduced mastitis in dairy sheep. In this study, 4 different typing techniques were compared in typing 26 S. aureus isolates, predominantly from cases of subclinical mastitis in dairy ewes. The 4 techniques were pulsedfield gel electrophoresis (PFGE), restriction fragment length polymorphism (RFLP) on 2 genes (coagulase and clumping factor B), randomly amplified polymorphic DNA-polymerase chain reaction (PCR) (RAPD-PCR), and multilocus sequence typing (MLST). On the basis of discriminatory power as the key parameter of typing systems, MLST and PFGE were found to be the most powerful techniques. The MLST and PFGE could contribute to epidemiological surveillance and evaluation of mastitis control programs, by documenting prevalence and dissemination of endemic clones in infected populations. The results of this study show that a single clone of S. aureus is widely distributed in infected ewe mammary glands.
Mastitis in dairy sheep is important for 3 major reasons. 1 The first reason is economic and derives from ewe and lamb mortality, treatment costs, reduced lamb growth, and milk pricing on the basis of somatic cell counts (SCC). The second reason is linked to possible public health consequences, for e.g., the risk of infection or poisoning of consumers by staphylococci (mainly Staphylococcus aureus) present in milk through the consumption of dairy products (mainly cheeses) manufactured with raw milk. The third reason is regulatory because European and National regulations impose severe restrictions on the marketing of dairy products on the basis of bacteriological quality and SCC of milk. Ewe mastitis has various clinical forms and is characterized by general signs (fever, anorexia, weakness, coma, etc.) and functional signs (macroscopic or quantitative modifications of milk production). Subclinical mastitis is characterized only by quantitative and qualitative functional modifications of milk, especially an increase in SCC. Prevalence and etiology of subclinical mastitis in dairy ewes show that coagulase-negative staphylococci are the most prevalent, ranging from 25% to 93% (mean value approximately 78%) of bacterial isolates. Of these staphylococci, S. aureus prevalence ranges from 3% to 37% (mean value approximately 4%) of the bacterial isolates. 1 For public health and regulatory reasons, S. aureus remains 1 of the most important pathogens of the dairy sheep industry.
To implement better control of subclinical mastitis From the Agence Française de Sécurité Sanitaire des Aliments (AFSSA), Sophia Antipolis, France (Vautor, Chevalier, Pépin), and the BioMérieux, Marcy-l'Etoile, France (Jay, Visomblin, Vernet). 1 in ewes, and particularly S. aureus-induced mastitis, it is important to clarify the epidemiology of this major pathogen in dairy sheep farms. In contrast to bovine mastitis, little information is available in the field of molecular epidemiology of S. aureus recovered from subclinical ewe mastitis. Although there is little doubt that the primary and most important reservoir of S. aureus is the infected mammary gland of the ewe, 19 more extensive studies are needed to increase the knowledge of the authors regarding other possible reservoirs, the transmission pathways, the dynamics of infection, the risk factors, and the clonal associations among isolates. Although S. aureus is considered to be an opportunistic pathogen, it is possible that certain clones are more prone to adhere to and colonize ewe udder because of the presence of particular virulence factors increasing their potential for adherence and colonization in comparison with other clones. 4 Although many putative virulence factors have been identified in the S. aureus genome, 10 the differences in pathogenicity between field isolates remain largely unknown. 13 In veterinary diagnostic investigation, molecular typing of S. aureus could be a powerful tool to provide information about clonality for confirmation of a specific clone responsible for subclinical mastitis. In this study, the authors compared the profiles of 26 strains using 4 different techniques: pulsed-field gel electrophoresis (PFGE), restriction fragment length polymorphism (RFLP), randomly amplified polymorphic DNA-polymerase chain reaction (PCR) (RAPD), and multilocus sequence typing (MLST). Sixteen of the 26 strains of S. aureus were isolated from ovine subclinical mastitis in different flocks without any epidemiological link and in a limited time span (7 months) 19 ( Table 1) .
For the PFGE, a macrorestriction analysis of the * The sheep isolates numbered in bold were collected from a field investigation on subclinical mastitis in dairy ewes, over a limited time span (7 mo) from farms located in the same region but without any epidemiological relationship between them. 19 chromosomal DNA from bacterial cultures was performed with the restriction enzyme SmaI before testing, using the CHEF-DR III Pulsed Field Electrophoresis Systems, a as described previously. 19 On each gel, 2 control plugs with the reference strain (strain CIP 57.10 b ) were included. The scheme described by Tenover et al. 16 was used to differentiate between indistinguishable (no fragment difference), closely related (2-3 fragment differences), possibly related (4-6 fragment differences), and different (Ն7 fragment differences) strains.
For the next 2 techniques (RFLP, RAPD), extraction of the S. aureus genomic DNA was carried out using the QIAamp DNA Mini Kit. c The RFLP was performed on the coagulase (coa) and the clumping factor B (clfB) genes. The PCR amplification of the coagulase (coa) gene was carried out using the oligonucleotide primers COAG2-CGAGACCAAGATTCAA-CAAG and COAG4-GATTTTGGATGAAGCGGATT 5 and the following program: 1 cycle (95 C for 5 minutes) and 35 identical cycles of denaturation (95 C for 30 seconds), annealing (55 C for 30 seconds), and extension (72 C for 1 minute). The PCR products were digested by restriction enzymes AluI d or HaeIII. d The PCR amplification of the clumping factor B gene was carried out using the oligonucleotide primers 5Ј-TGC-AAGATCAAACTGTTCCT-3Ј and 5Ј-TCGGTCTGT-AAATAAAGGTA-3Ј and the following program: 1 cycle (95 C for 5 minutes) and 35 identical cycles of denaturation (95 C for 30 seconds), annealing (55 C for 30 seconds), and extension (72 C for 1 minute). 13 The PCR products were digested using restriction enzyme AluI. d The RAPD was performed with 1 cycle (94ЊC, 5 minutes; 35ЊC, 5 minutes; 72ЊC, 5 minutes), 30 cycles (94ЊC, 30 seconds; 35ЊC, 1 minutes; 72ЊC, 1 minute), and a final elongation (72ЊC, 5 minutes). The primer was a decamer, designated RAPD-4M, with the sequence: 5Ј-AAGACGCCGT-3Ј. 8 The reliability of the technique was determined by repeating the amplification twice on each S. aureus isolate.
The PCR products obtained with the RFLP and RAPD techniques were analyzed on 2% agarose gels and observed with ethidium bromide under UV light. Depending on which combination of genes (coagulase gene or clumping factor B gene) and restriction enzymes were used, the type was named: Al1-Al7, Hae1-Hae 5, and Clf1-Clf3.
The MLST using DNA array technology was performed, as described previously. 18 The Staphylococcus DNA array identifies sequence variation in 7 MLST targets (arcC, aroE, glpF, gmk, pta, tpi, yqiL) using Table 2 ). the 4L tiling strategy described previously. 17 Total nucleic acids were extracted from bacterial cells using a mechanical lysis technique. In brief, 600 l of a 0.5 MacFarland suspension, obtained from an overnight agar plate culture, were added to a mixture of different diameter beads, and vortexing was performed at maximum speed for 2 minutes. Supernatant was directly used as target for PCR reactions. The PCR primers were described previously 3 with the exception of the arcC forward primer. 2 Probe arrays were hybridized using a GeneChip fluidics station. e Biotin-labeled and fragmented DNA was denatured, hybridized with the probe array, washed, and the hybrids were stained with streptavidin-R-phycoerythrin. f The probe array was washed again. Fluorescent signals emitted by hybrids were detected at 570 nm (phycoerythrin) using a GeneArray scanner. g Probe array fluorescence intensities, base call scores, sequence determinations, and re-ports were generated by the GeneChip software. e The percentage base-right score was determined by the percentage homology between the experimentally derived sequence and the distinct reference sequence tiled on the array.
Two representative examples of typing results are shown in Fig. 1 (PFGE) and Fig. 2 (RFLP) . The genotypic characteristics of the 26 S. aureus isolates analyzed with the different methods for DNA-based typing are summarized in Table 2 .
Several criteria have been proposed for evaluating the performance of typing systems. 15 These criteria include typability, reproducibility, stability, and discriminatory power. For the purpose of epidemiological analysis, it is important to use methods with a high discriminatory power, which is the key characteristic of typing systems. Discriminatory power conditions the probability that isolates sharing identical or closely Table 2 ). All the isolates were digested by HaeIII, except for isolates 3 and 6 digested by AluI. The RFLP genotype of each strain is given under the PCR profiles (Al3, Al6, Hae1, Hae2, Hae4, Hae5, Hae6). related patterns are truly clonal and part of the same chain of transmission. Discriminatory power can be calculated on the basis of Simpson's index of diversity (D). Ideally, the index, based on testing a large number of epidemiologically unrelated isolates, should equal 1. An index of 1.0 would indicate that a typing method is able to distinguish each member of a strain population from all other members of that population. Conversely, an index of 0 would indicate that all members of a population are identical. An index of 0.50 would mean that if 1 strain was chosen at random from a population, there would be a 50% probability that the next strain chosen at random would be indistinguishable. In other words, each independent isolate should be sufficiently different to be assigned to a distinct clone. In practice, a typing system or a combination of systems displaying a discrimination index greater than 0.95 is acceptable. This level of discrimination corresponds to a 5% probability of erroneously assigning independent isolates to the same clone. 9 In this comparative study of 4 genotyping techniques, despite the small number of isolates (n ϭ 26), the authors were able to determine the discriminatory power of each technique by calculating the D index ( Table 2 ). The MLST (D ϭ 0.99) and PFGE (D ϭ 0.83) were, respectively, the techniques that yielded the most different patterns. However, some of the PFGE patterns differed from each other only in a few fragments (VII1 to VII4 in Table 2 ) and thus displayed clonal relations according the criteria for interpreting PFGE patterns. 16 The differences between some PFGE patterns were very minor and subtle but enabled the claim that the 2 isolates were not exactly identical (patterns VII and VII1 in Fig. 1, for example) , although interpretation of banding patterns is open to subjective differences, unlike MLST results. The RFLP of coagulase and clumping factor B genes as well as RAPD were of limited use as epidemiological tools, especially for subtle discriminations among strains of S. aureus causing ovine mastitis. These typing methods are not discriminatory enough to be used as the sole typing method for S. aureus. Nevertheless, PFGE is time-consuming and labor-intensive, requires trained personnel and sophisticated equipment, and is not easy to standardize, despite recent efforts made by several groups of researchers. 12 One advantage of RFLP and RAPD is their short duration (about 8 hours) in contrast to PFGE which needs 5 days for a complete cycle. These rapid PCR-based methods are excellent for fast and inexpensive typing of S. aureus and could serve for initial screening of isolates in most public health epidemiological studies (outbreak and endemic strains). 14 However, because PFGE still provides more information due to its high discriminatory power, it remains the technique of choice for typing bacteria in longitudinal studies. 11, 19, 20 Clearly, MLST and PFGE are the most powerful techniques for high-precision epidemiological typing when episodes of animal to animal transmission need to be fully investigated. Moreover, MLST is an adequate technique for generating genetic profiles of a large number of isolates, especially when comparing large international strain collections. 6 For ovine isolates of S. aureus, the RFLP and RAPD techniques used in this report were not suitable as replacements for PFGE but could be useful in combination with PFGE to define strain differentiation. † Pulsed-field gel electrophoresis. ‡ Restriction fragment length polymorphism of the coagulase (coa) and the clumping factor B (clfB) genes. § Randomly amplified polymorphic DNA-PCR. Multilocus sequence typing. ¶ Isolates numbered in bold were of ovine origin (n ϭ 16). # The D index was calculated, as described previously. 9, 15 The aim of this study was to find the genotyping system with the best discriminatory power for the ovine S. aureus isolates so as to assess the population genetic structure of natural isolates inducing subclinical mastitis in ewes. In this context, MLST and PFGE appear to be the most discriminatory techniques with a slight superiority for MLST. The use of these 2 techniques will depend on the objective of the epidemiological study: comparison of S. aureus isolates at the flock level can be performed by both MLST and PFGE, as described in a previous study, 19 whereas a more precise study at the individual animal level should preferably be performed with MLST.
The objective of the study was also to compare isolates from 16 different farms (mainly isolates from ovine subclinical mastitis). The results in Table 2 show, with the most discriminatory techniques (PFGE, MLST), that there is a broad distribution of identical or genetically related S. aureus clones. There is a predominant pulsotype with the PFGE (type VII with its related pulsotype, VII 1-4 were found in 12 different sheep farms and 3 different goat farms) and with the MLST (allelic profile 6-2-6-2-7-13-2-5 or 6-2-6-2-7-13-2/5 were found in 6 different sheep farms and in 1 goat farm). It is noteworthy that in 3 sheep farms (A, E, and J), the pulsotype (type VII) and the allelic profile (6-2-6-2-13-2-5) match completely. This finding strongly suggests that certain clones (commensal strain predominant in the flock) are perhaps more prone to adhere to and colonize ewe udder because of the pres-ence of particular virulence factors increasing their potential for adherence and colonization in comparison with other clones less adapted to the sheep udder. The existence of a predominant strain of S. aureus suggests that this clone may have special properties to overcome host defense mechanisms and to establish a successful intramammary infection in ewes.
